Farallon crust was subducted beneath North and South America from the Triassic (e.g. Oldow et al., 1989) , generating an Andean^Cordilleran arc system. At the western side of the inter-American region, the Cretaceous 'Great Arc' of the Caribbean formed between the Early Cretaceous and Early Cenozoic as the proto-Caribbean seaway widened (Burke et al., 1978; Burke, 1988) . The 'Great Arc' has more recently been proposed to include the island arc rocks of the Greater Antilles, Aves Ridge, Tobago, and parts of the Netherlands^Venezuelan Antilles; although their origin as a single arc system or a number of arcs with distinct tectonic histories is still debated Wright & Wyld, 2011) . At $94^89 Ma, to the SW of the Greater Antilles, the mantle plume-derived Caribbean Oceanic Plateau (COP) formed on the Farallon Plate, generating crustal thicknesses of up to 20 km (Edgar et al., 1971; Mauffrey & Leroy, 1997; Sinton et al., 1998; Kerr et al., 2003) . East-dipping subduction on the Costa Rica^Panama arc initiated west of the COP during the Campanian, thus isolating the Caribbean Plate (e.g. Pindell & Dewey, 1982) . The Caribbean Plate partially collided with North and South America during the Campanian and has since moved east along transpressional boundaries to its present location (e.g. Pindell & Dewey, 1982; .
To transport the Caribbean Plate from the Pacific to its present location requires the cessation of east-dipping Farallon subduction and inception of a new SW-dipping proto-Caribbean subduction zone (Mattson, 1979) . The timing and cause of this 'subduction polarity reversal' have been widely debated, so it is unclear how much of the 'Great Arc' was generated above either polarity of subduction zone. One model for Caribbean tectonic evolution is that the inter-American Arc remained east-dipping until the thickened crust of the COP collided with the Greater Antilles portion of the system at 90^80 Ma. The plateau was too hot, thick and buoyant to subduct, thus blocking the trench and initiating polarity reversal (e.g. Duncan & Hargraves, 1984; Burke, 1988; White et al., 1999; Kerr et al., 2003 Kerr et al., , 2009 van der Lelij et al., 2010) . Another model invokes westwards acceleration of North America to turn the Caribbean portion of the inter-American subduction system into a transform zone that would become the site of the onset of SW-dipping Greater Antilles subduction at $135^125 Ma (e.g. Pindell & Dewey, 1982; Pindell et al., 2005 Pindell et al., , 2006 Pindell et al., , 2011 Krebs et al., 2008; La¤ zaro et al., 2009; ). An improved understanding of the tectonic history of the Caribbean relies on detailed investigation and careful discussion of magmatic and tectonic events spanning the proposed timings of subduction polarity reversal across the region. The magmatic and tectonic histories of Greater Antilles Arc locations in the present-day northern Caribbean, such as Cuba (La¤ zaro et al., 2009; RojasAgramonte et al., 2011) , Puerto Rico (Jolly et al., 2008) , Hispaniola (Escuder Viruete et al., 2007 and Jamaica (Hastie et al., , 2013 , and Venezuela and the Netherlands Antilles in the southern Caribbean (White et al., 1999; Unger et al., 2005; Maresch et al., 2009; van der Lelij et al., 2010; Wright & Wyld, 2011) , have already been extensively studied in this regard, with the two models described above dominating much of the discussion. In this study, we focus on the Volcano-Plutonic Suite of Tobago, in the SE Caribbean. Tobago is considered as an isolated fragment of the hypothesized Mesozoic 'Great Arc' system, and an example of an eroded cross-section through the upper crust of a typical island arc system (Snoke et al., 2001a) . The protoliths of the North Coast Schist and the Volcano-Plutonic Suite of Tobago could have formed either side of the $135^125 Ma switch in Greater Antilles arc subduction polarity postulated by some researchers; thus the island is an important location for detailed study. Here, we (1) use new whole-rock elemental and isotopic analyses to clarify the relationship between the Tobago Plutonic Suite and the overlying Tobago Volcanic Group, (2) investigate fractional crystallization processes in the petrogenesis of the magmatic rocks, (3) examine the mantle-and slab-related contributions to the volcanism and to a mafic dyke swarm, (4) deduce the origin of a tonalite body intruding the plutonic suite, and (5) discuss various hypotheses to explain the geodynamic history of Tobago based on currently debated Caribbean tectonic models.
OV E RV I E W O F T H E G E O L O GY O F TO B AG O
As the sole emergent upper crustal part of the Tobago Terrane at the leading edge of the Pacific-derived Caribbean Plate (Speed & Smith-Horowitz, 1998) , Tobago has been in oblique collision with the South American margin since the Eocene (Burmester et al., 1996; Snoke et al., 2001a) . On Tobago (Figs 1 and 2) , much of the north of the island is composed of the meta-volcanic North Coast Schist. The origin and tectonic history of the North Coast Schist has been extensively discussed by Snoke et al. (2001a) and Neill et al. (2012) . U^Pb zircon dating of intermediate meta-tuffs from the Parlatuvier Formation of the North Coast Schist yielded an eruption age of 128·66 AE 0·23 Ma (Neill et al., 2012) . Both Snoke et al. (2001a) and Neill et al. (2012) proposed that the North Coast Schist was a fragment of the east-dipping inter-American, or 'proto-Greater Antilles' arc system formed at some point prior to the postulated subduction polarity reversal. The North Coast Schist forms the basement to the VolcanoPlutonic Suite, which covers the central part of Tobago. The Volcano-Plutonic Suite comprises the mafic^inter-mediate Tobago Volcanic Group, the ultramafic^felsic intrusive rocks of the Tobago Plutonic Suite, and a mafic dyke swarm (Fig. 2) (Snoke et al., 2001a (Snoke et al., , 2001b . The Volcano-Plutonic Suite is thought to be mostly of Albian age (112^99·6 Ma) based on faunal and hornblende 40 Ar/ 39 Ar dating (Sharp & Snoke, 1988; Snoke et al., 1990; Snoke & Noble, 2001) .
G E O L O GY A N D P E T RO G R A P H Y O F S A M P L E D F O R M AT I O N S Tobago Volcanic Group Argyle, Bacolet and Goldsborough Formations
The stratigraphic order of formations within the Tobago Volcanic Group is uncertain owing to a lack of outcrop, but 'formations' have been assigned on the basis of the ability to map distinct nearby outcrops containing characteristic phenocryst assemblages (Snoke et al., 2001b) .
The Argyle Formation ($5 km 2 ; Fig. 2 ) consists of tuff breccia and lapilli tuff, with some mafic^intermediate lavas and volcanogenic sediments (Snoke et al., 2001a) . The rocks commonly contain a phenocryst assemblage of (in decreasing order of abundance) plagioclase, hornblende and clinopyroxene. Many samples contain tabular plagioclase phenocrysts (5^15 mm) in a groundmass of plagioclase, hornblende and clinopyroxene (1^2 mm) (Snoke et al., 2001a) . The samples analysed in this study are a mix of grey lavas and tuff breccia, which are either aphyric or clinopyroxene-, or plagioclase-phyric, but do not contain hornblende phenocrysts.
The Bacolet Formation ($6 km 2 ) ( Fig. 2) , consists mostly of mafic clinopyroxene-phyric lithic volcaniclastic breccias with a less abundant plagioclase-phyric facies (Snoke et al., 2001a) . The analysed samples contain clinopyroxene phenocrysts (5 mm) and less abundant plagioclase (2 mm), in a groundmass of plagioclase and Fe^Ti oxides. Snoke et al. (2001a) reported chlorite-, calcite-, and epidote-bearing pseudomorphs of olivine.
The Goldsborough Formation ($16 km 2 ) ( Fig. 2 ) includes tuffs and tuff breccias, pillow lavas (with quartz, calcite and epidote amygdales) and some volcanogenic sedimentary rocks (Snoke et al., 2001a) . The sampled lavas are plagioclase-and clinopyroxene-phyric with a groundmass of plagioclase, clinopyroxene, Fe^Ti oxides and rare quartz. Primary mineral assemblages in all three formations are partially replaced by chlorite, micas, epidote, Fe^Ti oxides, prehnite, pumpellyite, quartz, and rare calcite.
'Undifferentiated'or 'unclassified' volcanic rocks
The remainder of the exposure of the Tobago Volcanic Group was originally divided into the Hawk's Bill and Merchison Formations by Maxwell (1948) , but it was later found that neither of these formations were petrographically distinct, nor did they have clear enough mappable boundaries to be given their own names. These rocks were redefined as the 'undifferentiated' portion of the Tobago Volcanic Group (Snoke et al., 2001a (Snoke et al., , 2001b . This term is not used in a petrological context (indicating the presence of primitive or unfractionated lavas), but indicates that it is not known if these rocks belong to a new formation or one of those already named. For clarity, here the 'undifferentiated' rocks are renamed as 'unclassified' . Unclassified lavas and breccias from near the Merchison River (Fig. 2) contain clinopyroxene and plagioclase phenocryst assemblages with rock types similar to those described from the Bacolet Formation (Snoke et al., 2001a) . One altered, calcified sample was collected from this part of the Tobago Volcanic Group. The sampled rocks near Hawk's Bill (Fig. 2) are mafic to intermediate plagioclase-and clinopyroxene-phyric pillow lavas, which are silicified and contain quartz-filled amygdales along with patches of clay minerals, mica and chlorite (Frost & Snoke, 1989; Snoke et al., 2001a) . The remaining unclassified rocks are plagioclase-and clinopyroxene-phyric lavas, breccias and crystal tuffs, with associated reworked volcaniclastic breccias and erosion-resistant crystal-rich grits made up of large volumes of angular clinopyroxene crystals. In this work, only lavas and large breccia clasts representative of erupted lavas have been studied, and not the reworked rocks.
Tobago Plutonic Suite

Gabbro-diorites
The pluton is dominated by gabbro-diorites cropping out across the island from east to west ($100 km 2 ) (Fig. 2) . Some igneous layering is observed, for example at Washerwoman's Bay (Snoke et al., 2001b) , but much of the pluton appears to be massive. Facies range from coarsegrained to finer gabbros and diorites, and all rocks are characterized by varying abundances of plagioclase, hornblende, clinopyroxene and Fe^Ti oxides, with the rare occurrence of orthopyroxene (norite). The rocks show evidence of hornblende replacing clinopyroxene, presumably owing to H 2 O saturation during magmatic evolution. Chlorite, clays, micas and Fe^Ti oxides form typical alteration assemblages. Apatite, zircon and titanite are common accessory phases. Xenoliths of hornblendite are found within the gabbro-diorites, similar to in situ pegmatites from the Louis D'Or river area (Fig. 2) . Snoke et al. (2001b) . The reader is referred to Snoke et al. (2001a Snoke et al. ( , 2001b for cross-sections and detailed field descriptions.
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Ultramafic rocks
Relatively few samples have been obtained from the ultramafic facies as these are dominated by cumulate rocks (Snoke et al., 2001a) , which are often too coarse-grained to representatively sample for whole-rock analysis, and would be more suited to future microprobe or laser ablation studies. Approximately 10 km 2 of ultramafic rocks border the gabbro-diorites and the North Coast Schist, with aeromagnetic data suggesting a considerable subsurface mass (Wadge & Snoke, 1991) (Fig. 2) . Samples of dunite, wehrlite and olivine clinopyroxenite were mostly collected as blocks from the Louis D'Or River. There is abundant evidence for fluid activity, with the occurrence of plagioclase^hornblende clinopyroxenite, hornblendite and widespread veins of hornblende^plagioclase pegmatite. Chlorite and clays are common alteration minerals in the samples collected. ). These erosion-resistant rocks are interpreted as volcanic or hypabyssal products that predate (or are perhaps early, genetically linked precursors of) the Volcano-Plutonic Suite, and were deformed and metamorphosed by the intrusion of the main gabbroic phase of the pluton (Snoke et al., 2001a) . Deformation is observed as large-scale flattening of volcanic breccia clasts. The Anse Flamengo Complex (Fig. 2) consists of fragmented volcanic and intrusive rocks that have been intruded by later clinopyroxenites, gabbros, diorites and mafic dykes (Snoke et al., 2001a) . The single thin-sectioned sample from this complex is a deformed, calcified metavolcanic rock containing 2^3 mm relict clinopyroxene crystals with plagioclase (altered to clays and micas), hornblende and Fe^Ti oxides. The Merchison River Complex samples are deformed plagioclase-phyric gabbroic rocks and a few fragmented mafic volcanic rocks; samples contain relict clinopyroxene, hornblende and plagioclase with actinolite, chlorite, clays, quartz and Fe^Ti oxides forming replacement textures. Both complexes are thus similar in primary mineralogy to the Tobago Volcanic Group.
Deformed mafic volcano-plutonic complexes
Arnos Vale^Mason Hall tonalite body
This $500 m-wide body can be traced for 7 km from Arnos Vale along the Courland River (Fig. 2) , with a possible subsurface continuation east for 3 km (aeromagnetic data; Wadge & Snoke, 1991) . The tonalite cross-cuts the gabbro-diorite pluton and is a medium-grained felsic rock composed of plagioclase, quartz, biotite AE hornblende, FeT i oxides, apatite and zircon. Much of the tonalite has undergone minor sub-solidus alteration, with chlorite, calcite and sericite common in most samples. Small dykelets of grey, fine-grained plagioclase-phyric tonalite can be found cross-cutting the main body. There is no gradation from the most evolved plutonic facies to these tonalites, nor are there any visible xenoliths from the main pluton within the tonalite.
Mafic dyke swarm
Mafic dykes cut across the Volcano-Plutonic Suite, whereas rare, grey, medium-grained dioritic dykes cut the North Coast Schist and the Volcano-Plutonic Suite. Some locations within the biotite tonalite and the gabbro-diorite have been a focus of dyke intrusion, with scattered occurrences elsewhere. The dykes cutting the North Coast Schist are characterized by 2^3 mm acicular hornblende phenocrysts in a groundmass of plagioclase, Fe^Ti oxides and some quartz. Calcite veining is common. The majority of the dykes cutting the Volcano-Plutonic Suite are hornblende and/or clinopyroxene dolerites and coarser gabbros; some are aphyric whereas others contain a primary hornblende phenocryst phase. As with the plutonic rocks, clinopyroxene can be observed breaking down to form hornblende. Clays, Fe^Ti oxides and chlorite are ubiquitous replacement minerals.
Geochronology of the Volcano-Plutonic Suite
Hornblende from tuff breccia in the Undifferentiated Tobago Volcanic Group on Little Tobago gave an apparent 40 Ar^3
9 Ar plateau age of 104·2 AE1·3 Ma, based on only five steps covering 88% of the total spectrum (Sharp & Snoke, 1988) . Hornblende 40 Ar^3 9 Ar isochron ages of 104·7 AE1·6 and 103·6 AE1·4 Ma were obtained by Sharp & Snoke (1988) from quartz-diorite and mafic pegmatites, respectively, from the Tobago Plutonic Suite, but plateau ages were considered unreliable. A U^Pb zircon thermal ionization mass spectrometric age of 104 AE1Ma, based on three crystals, was obtained from a gabbro-diorite sample at Culloden Bay in 1991 (Fig. 2; G. J. H. Oliver, personal communication) . Dykes cutting the biotite tonalite unit yielded 40 Ar^3 9 Ar hornblende plateau ages of 102·8 AE 1·2 Ma (five steps,580% of the total spectrum) and 91·4 AE 2·2 Ma (eight steps, 87% of the total). Isochron ages were 103·5 AE1·1 and 92·7 AE1·1Ma, respectively (Sharp & Snoke, 1988; Snoke et al., 1991) . If the older dyke age is robust, then the tonalite and at least some mafic dykes are penecontemporaneous with the Volcano-Plutonic Suite. The Turonian age is the only available evidence for magmatism on Tobago continuing into the Late Cretaceous.
Faunal ages were determined from ammonites within volcanogenic sedimentary sequences exposed near Scarborough, whereas datable radiolaria came from several siliceous argillite horizons within the Tobago Volcanic Group (Snoke & Noble, 2001) . Manuaniceras decsernae (Young) of early late Albian age ($105 Ma; Gradstein et al., 2012) was identified from a volcanogenic sedimentary sequence at the base of the Bacolet Formation (Snoke & Noble, 2001) . Within a stratigraphically lower volcanogenic sedimentary sequence, juveniles of Mojsisoviczia of middle Albian age ($110^108 Ma; Gradstein et al., 2012) were also reported by Snoke & Noble (2001) . Radiolarian assemblages recovered from the various exposures of siliceous argillite within the unclassified Tobago Volcanic Group indicate an early to middle Albian age ($113^107 Ma; Gradstein et al., 2012; Snoke & Noble, 2001 ). These ages are several million years older than the radiometric ages from the Volcanic Group and the younger pluton. The discrepancy may be due to a certain amount of sub-solidus alteration of the samples that were radiometrically dated. Further zircon or baddeleyite dating is required to properly quantify the age span of the dyke swarm and Plutonic Suite.
A NA LY T I C A L M E T H O D S
Preparation and analysis for whole-rock major and trace element concentrations was undertaken at Cardiff University following the procedures reported by McDonald & Viljoen (2006) . Samples from fieldwork and collections at the University of Wyoming were powdered in an agate ball mill before calculation of loss on ignition (LOI). Ignited powder was fused in a Claisse Flux-Fusion propane burner within lithium metaborate, then dissolved in HNO 3 . Inductively coupled plasma optical emission spectrometry (ICP-OES) analysis for major elements and Sc was undertaken on a JY-Horiba Ultima 2 system. Trace elements were analysed on a Thermo Elemental X7 Series ICP-MS system. Blanks and international reference materials were run throughout. First relative standard deviations for most major elements during reference runs were 53% (P 2 O 5 ¼ 6%), 53% for most trace elements [excepting 5% for Ni, 4% for Cu, 8% for Rb and 21% for Pb (Pb is thus not reported in the results)], and 55% for the rare earth elements (REE). Pb analyses are unreliable because of contamination derived from the metaborate flux. Analytical data including reference material analyses are available in Supplementary Data Electronic Appendix 1 (available at http://www.petrology.oxfordjournals.org), and representative results are presented in Table 1 .
Solutions for isotopic analysis were obtained by HFĤ NO 3 digestion of non-ignited whole-rock samples at the Natural Environment Research Council Isotope Geosciences Laboratory (NIGL). Hafnium was separated from non-ignited solutions using the LN-SPEC column method of Mu« nker et al. (2001) . The Hf isotope composition of most samples was analysed on a Nu-plasma multicollector (MC) ICP-MS system at NIGL. Correction for Lu and Yb interference on mass 176 was carried out using reverse-mass-bias correction using empirically predetermined 176 
W H O L E -RO C K M AJ O R A N D T R AC E E L E M E N T R E S U LT S Elemental mobility during sub-solidus alteration
Sub-solidus weathering, hydrothermal alteration, and lowgrade metamorphism commonly mobilize some major and trace elements in igneous rocks (e.g. Floyd & Winchester, 1976; Hastie et al., 2007) . It is generally considered that most major and large ion lithophile elements (LILE) such as Ba and Rb are mobilized, whereas Sc, Y, Co, Ni, Cr, Th, the REE, and high field strength elements (HFSE) such as Ti, Nb, Ta, Zr and Hf are immobile below amphibolite facies (e.g. Pearce, 1996) . The LOI values for the rocks in this study are typically 54 wt %, suggesting that moderate hydrothermal alteration, but probably not significant calcification, has taken place. Plots of mobile vs immobile elements can be used to test mobilization within a cogenetic magmatic suite; for example, Ba vs Nb (Cann, 1970) . Immobile elements in such cogenetic suites will display clear trends against Nb, particularly for incompatible elements, which are less affected by crystal fractionation or accumulation processes than the compatible elements. OnTobago, most mobile elements are scattered, indicating sub-solidus mobilization, with the possible exception of MgO and Al 2 O 3 (Neill, 2011) . Hence figures plotted here, and in the discussion, are generally restricted to immobile elements (e.g. Fig. 3 ). The immobile trace element Th vs Co discrimination diagram of Hastie et al. (2007) is used to classify rock types and series. 
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Geochemistry of the Tobago Volcanic Group
The formations overlap compositionally on element vs Nb plots (Fig. 3 ). There are clear trends for compatible elements such as MgO (slight scatter may relate to accumulation of clinopyroxene, alteration, or a somewhat heterogeneous mantle source) and Sc (immobile). Incompatible element trends (Th, Zr and REE) vs Nb also overlap between formations, but have limited scatter; hence the various formations are likely to be cogenetic and linked by crystal accumulation and fractionation. The compositions of these formations also overlap on the Th^Co classification (Hastie et al., 2007) (Fig. 3a) . Analysed samples of the Argyll Formation are mostly tholeiitic basaltic andesites, whereas those from the Bacolet Formation are slightly more mafic and plot in Fig. 3a as tholeiitic basalts. In contrast, the samples from the Goldsborough Formation range from tholeiitic basalts to calc-alkaline rhyolites, defining a trend that encompasses the compositions of almost all the other volcanic rocks. Many of the samples from the unclassified part of the Tobago Volcanic Group are tholeiitic basaltic andesites, similar to the Argyle Formation; however, some calc-alkaline and more felsic lavas are also present (Fig. 3) . Most lavas of the Argyle Formation have gently sloping, LREE-enriched patterns (10^30 times chondrite), with a slightly concave heavy REE (HREE) distribution and no Eu anomalies (Fig. 4a) . The normal mid-ocean ridge basalt (N-MORB)-normalized (NMN) trace element patterns (Fig. 4b) show that these samples are enriched in Th (Th/La NMN 41) and have negative Nb^Ta, Ce, Zr^Hf and Ti anomalies, with the Nb^Ta anomalies particularly pronounced (Nb/La NMN ¼ 0·1^0·2). Sample INT/8-3/7 is a clinopyroxene cumulate (MgO ¼ 21wt %) and has a depleted REE pattern (1^2 times chondrite). The tholeiites from the Bacolet Formation have slightly LREE-enriched chondrite-normalized patterns at 9^30 times chondrite, slightly more depleted in incompatible elements than the Argyle Formation, and no Eu anomalies (Fig. 4c) . Figure 4d shows that these tholeiites are very similar to the Argyle Formation, except for slightly larger Zr^Hf anomalies. The 12 Goldsborough Formation samples have chondrite-normalized REE patterns encompassing those of the other formations, with flat to slightly LREE-enriched patterns (6^104 times chondrite), and very slight negative or positive Eu anomalies (Fig. 4e) . Figure 4f shows that the least evolved Goldsborough Formation samples have similar incompatible trace element patterns to the Bacolet Formation; and all samples have pronounced Nb^Ta anomalies. Many samples from the unclassified Tobago Volcanic Group (TVG) have flat to very slightly LREE-enriched or -depleted chondrite-normalized REE patterns and slight negative or positive Eu anomalies (Fig. 4g) . Four felsic samples (465 wt % SiO 2 ) have more LREE-enriched patterns than the other formations (La ¼ 80^100 times chondrite). Figure 4h shows that the 
Gabbro-diorite (Tobago Plutonic Suite)
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Mafic dyke swarm
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four LREE-enriched felsic samples have small positive Zr^Hf anomalies.
Geochemistry of the plutonic suite Deformed complexes
The deformed mafic volcanic^plutonic rocks have similar compatible and incompatible element concentrations and normalized trace element patterns to the gabbro-diorite and the Tobago Volcanic Group (Fig. 5) . Seven analyses show the samples are tholeiitic basaltic andesites (Table 1) . The deformed complexes have REE concentrations $104 0 times chondrite with flat to slightly LREE-enriched patterns (Fig. 5a ). Figure 5b shows that the samples have pronounced negative Nb^Ta, Zr^Hf, Ce and Ti anomalies. Four samples have Th/La NMN 51, and three have Th/ La NMN 41, similar to the gabbro-diorites.
Ultramafic rocks
The six ultramafic samples are mostly wehrlites and olivine clinopyroxenites, although there is one dunite (INT/ 21^2/3), with 1274 ppm Cr and 666 pm Ni (Table 1) . The analysed ultramafic rocks have very low concentrations of REE and HFSE ( Fig. 5c and d) , with flat REE patterns at 1^30 times chondrite. These samples are, however, slightly enriched in Th over the LREE, and have significant negative Nb^Ta, Zr^Hf and Ce anomalies, again similar to the Tobago Volcanic Group (Fig. 5d) . (a) NEILL et al.
VOLCANO-PLUTONIC SUITE, TOBAGO
Gabbro-diorites
Fourteen gabbros and diorites range from 3 to 9 wt % MgO and have low to moderate concentrations of Cr (0·8^291ppm) and low Ni (12^61ppm). Figure 5e shows that the gabbro-diorites are slightly more LREE-enriched than the other parts of the Tobago Plutonic Suite (TPS) with REE concentrations at 6^30 times chondrite (La/ Yb CN ¼1·0^5·7; tholeiitic^calc-alkaline). Three samples with accumulated plagioclase have significant positive Eu anomalies, and extremely high Al 2 O 3 concentrations (13^27 wt %). The MORB-normalized trace element patterns for these rocks (Fig. 5f) 
Arnos Vale^Mason Hall tonalite
Plots of REE, Th and Zr against Nb (Fig. 3) show that the gabbro-diorites and the tonalite have different slopes indicative of different sources and/or differentiation histories. In contrast to the other suites, LOI values are 52 wt %, and Sr and Ba show some correlation with SiO 2 (Neill, 2011) . Clear trends for MgO, the REE, Zr, Th and Y, in Fig. 3 indicate that the tonalite samples are representative of a single magmatic suite probably linked by crystal fractionation processes. The tonalite contains 62^71wt % SiO 2 , and has very low MgO and high Na 2 O compared with the other rocks. The tonalite also has low Cr and Ni (close to the detection limit), and moderate Ba and Sr contents. Concentrations of Y and the HREE are low, resulting in high Sr/Y (70^220) and La/Yb (5^30). The samples show a marked LREE/HREE fractionation and there are small positive Eu anomalies (Fig. 5g) . In Fig. 5h , there is a slight enrichment in Th over the LREE, and conspicuous negative Nb^Ta and positive Zr^Hf anomalies.
40 Ar/ 39 Ar dating of cross-cutting mafic dykes (Sharp & Snoke, 1988; Snoke et al., 1990) demonstrates that the tonalite is broadly contemporaneous with the pluton. However, the trace element patterns of the plutonic and volcanic rocks do not match the tonalite (Fig. 5f and h) , and the tonalite is more akin to Cenozoic high-silica adakite or intrusive tonalite^trondhjemite^granodiorite (TTG) suites than oceanic arc rocks (e.g. Defant et al., 1992; Martin et al., 2005) . The original definition of adakites encompasses only volcanic rocks, but nevertheless the tonalite shares typical adakitic features according to the definition of Drummond & Defant (1990) : SiO 2 456 wt %, Al 2 O 3 415 wt %, MgO53 wt %, Sr4300 ppm, Sr/Y440, La/Yb420 and low Yb, Y and Nb concentrations.
Geochemistry of the mafic dyke swarm
As noted earlier, the data of Sharp & Snoke (1988) Ar ages are robust, there is unlikely to be a single parental magma from which the swarm evolved. The dyke swarm ranges in composition from tholeiitic to calc-alkaline and basaltic to dacitic, much like the Tobago Volcanic Group (Fig. 6a) . However, the immobile REE, Th and Zr show broad trends versus Nb which fan out from a single origin, confirming that the dykes do not belong to one distinct suite of magmas. Although the majority of the dykes do have similar compositions to the volcanic rocks, some dykes have low Zr/Nb ratios of 514, a subset of which have unusually high Nb concentrations of 7^28 ppm at 6^11wt % MgO (Fig. 6e) . These samples are not cumulates of any HFSE-bearing mineral, so the high MgO implies that elevated Nb is a primary feature of the magmas and is unrelated to fractional crystallization.
Dykes cutting the Volcano-Plutonic Suite range from slightly LREE-enriched to LREE-depleted (Fig. 6h) . Those with acicular hornblende phenocrysts have concave-up REE patterns. Most dykes have slight Th/La enrichment, large negative Nb^Ta and Ti anomalies and mostly negative Zr^Hf anomalies (Fig. 6g) . The hornblende-phyric samples in particular have positive Zr^Hf anomalies relative to the middle REE (MREE), and HREE patterns are flat. The low Zr/Nb and high Nb dykes have small negative to large positive Nb^Ta anomalies, and are enriched in LREE/HREE, with slightly sloping HREE patterns ( Fig. 6h and i) . These unusual dykes classify as tholeiitic to calc-alkaline basalts; the one mafic dyke with 28 ppm Nb may be classified as a high-Nb basalt, as it contains 420 ppm Nb, and those with 47 ppm Nb are referred to as Nb-enriched basalts (Castillo et al., 2007; Hastie et al., 2011) .
R A D I O G E N I C I S OTO P E S
Neodymium and Hf isotope ratios for the volcanic rocks have been age-corrected to 110 Ma, based on the oldest faunal ages of Snoke & Noble (2001) (Table 2) . Isotope ratios span a narrow range, with eNd i ¼ þ6·8^7·6 and eHf i ¼ þ14·0^16·5. On an eHf i vs eNd i diagram (Fig. 7) , the volcanic samples are identical to the felsic Mount Dillon Formation of the North Coast Schist, although having somewhat less depleted eHf i values compared with the mafic^intermediate Parlatuvier Formation (Neill et al., 2012) . Two gabbro-diorites were analysed for comparison with the volcanic rocks ( and Gorgona Island, Colombia; Kerr et al., 2004; Thompson et al., 2004; Neill et al., 2012) , the volcanic rocks plot close to or above the dividing line between Indian and Pacific MORB . Unfortunately, the Hf isotope systematics of other Cretaceous southern Caribbean rocks have not yet been investigated. In the northern part of the 'Great Arc' system, only outcrops on Jamaica have been analysed for Hf isotopes, and these Jamaican data plot on the Pacific side of the mantle divide but still close to the majority of analyses from the Tobago Volcanic Group. The one isotope analysis from the Arnos Vale^Mason Hall tonalite gave eHf i ¼ þ20·45 (Table 1) . The eHf i value is the most radiogenic yet found in the offshore Caribbean. This result reflects a slightly greater decoupling of the Nd and Hf isotope systems compared with that previously observed in samples from the Parlatuvier Formation of the North Coast Schist (Neill et al., 2012) . However, no trace element analyses were undertaken using the HF^HNO 3 digestion method employed at NIGL. For this reason, there is no proof that zircons in this one felsic sample fully dissolved prior to column chemistry and isotope analysis; hence we treat this unusual high eHf i value with caution. Nevertheless, the high value is still within the field of Indian MORB and is not significantly more depleted than the samples from the Parlatuvier Formation of the North Coast Schist. In contrast, both the Turonian islandarc-like dyke dated by Sharp & Snoke (1988) and the single high-Nb basalt have lower eHf i values for a given eNd i than the Volcano-Plutonic Suite, and therefore plot on the Pacific side of the Indian^Pacific mantle divide, perhaps indicating an isotopically different mantle source compared with the other rocks.
P E T RO G E N E T I C P RO C E S S E S
Geochronological data suggest that the Tobago Volcanic Group and Plutonic Suite are penecontemporaneous, and that the pluton intruded its volcanic carapace within several million years of the formation of the latter (Snoke et al., 2001a) . In Fig. 3 the rocks of the pluton exhibit similar compositions to the volcanic rocks, albeit with a wider spread of values, mostly towards lower Th, Zr or Sc concentrations, which may be explained by fractionation of minerals such as zircon and clinopyroxene. However, the two analysed gabbro-diorites are isotopically identical to the volcanic rocks (Fig. 7) ; thus much of the pluton and the volcanic group are therefore not only penecontemporaneous but are probably derived from a compositionally similar source(s). There is a broad similarity in primary mineralogy and geochemistry between the deformed complexes and the mafic and ultramafic components of the pluton, so that the deformed complexes are probably also genetically related to the Volcano-Plutonic Suite. The one exception is the Arnos Vale^Mason Hall tonalite, which is distinct both in terms of its trace element and isotopic signature compared with the rest of the Volcano-Plutonic Suite.
Petrogenetic characteristics of the Tobago Volcanic Group
Significance of fractional crystallization for the study of the mantle source and slab components
The observed phenocryst phases and compositions of both the Tobago Volcanic Group and the Plutonic Suite indicate that clinopyroxene, plagioclase and olivine exerted important controls on the geochemical evolution of the Tobago Volcanic Group (Frost & Snoke, 1989) . HFSE and REE ratios are virtually unaffected by fractionation of pyroxenes, plagioclase, and olivine, and are thus commonly used to study the mantle component present in arc rocks (e.g. Pearce & Peate, 1995) , an approach followed in this study. However, the MREE are compatible in amphibole and Ti, Nb and Ta may be moderately compatible, depending upon the amphibole composition (Klein et al., 1997; Tiepolo et al., 2000) . Amphibole fractionation may thus alter HFSE and REE ratios in arc magmas. Some primary amphibole phenocrysts have been reported from the Argyle Formation by Snoke et al. (2001a) ; however, there is no primary amphibole in our volcanic samples. Neither of these observations preclude the occurrence of 'cryptic amphibole fractionation' (see Davidson et al., 2007) , whereby amphibole may form part of the fractionation assemblage at upper mantle and lower crustal levels but is rarely seen as a phenocryst phase in erupted island arc products. We identify if this process occurred beneath Tobago and eliminate samples that have undergone substantial amphibole fractionation prior to further petrogenetic analysis.
The affinity of amphibole for the MREE over the LREE and HREE means that cryptic amphibole and garnet fractionation controls on arc magmas are normally identified on the basis of low MREE/HREE ratios and U-shaped REE profiles. However, this effect can be better depicted using a newly developed plot of Dy/Dy* vs Dy/Yb (Neal & Davidson, 2012; Davidson et al., 2013) (Fig. 8a) . Dy/Dy* is the ratio of observed to expected concentration of Dy on a chondrite-normalized REE plot, assuming a ratio of unity to represent a straight line between La and Yb concentrations. The formula is as follows:
CN )]. Dy/Dy*51 indicates a concave-up REE plot typically associated with amphibole fractionation. The Dy/Yb ratio can be used as a sensitive measure of any residual garnet in the mantle source, or of garnet fractionation, as the HREE are strongly compatible with garnet (e.g. Macpherson et al., 2006) , but there is little sign of this in the Tobago Volcanic Group (Fig. 8a) . Flat chondrite-normalized HREE patterns (Fig. 4) also suggest that melting took place within the spinel stability field. Samples are plotted in Fig. 8a alongside illustrative fractionation curves from Neal & Davidson (2012) . Samples from the unclassified portion of the Tobago Volcanic Group form no clear trend on this diagram, probably because the samples do not belong to a cogenetic suite. However, there are clear trends parallel to the amphibole fractionation curve for the Argyle, Bacolet, and Goldsborough Formations. Therefore, it is concluded that cryptic amphibole fractionation has occurred at depth beneath Tobago, and that the mapping of Snoke et al. (2001b) is correct in assigning exposures to these three cogenetic formations. Those samples that do not fall within the MORB array in Fig. 8a are not included in the following part of the discussion as these are likely to have undergone amphibole fractionation. We also remove all samples from the unclassified Tobago Volcanic Group for clarity. This leaves a subset of 17 samples from the Argyle, Bacolet, and Goldsborough Formations that should contain trace element ratios that can be used to investigate the mantle source and the conditions of partial melting.
Mantle source
Island arc magmas are commonly accepted to be the end product of a number of processes; for example, the release into the mantle wedge of fluids and/or melts derived from the subducting slab, partial melting of the hydrated mantle wedge, and fractionation and crustal contamination of these melts (e.g. McCulloch & Gamble, 1991; Pearce & Peate, 1995; Tatsumi & Kogiso, 1997; Elliot, 2003; Davidson et al., 2007) . The HREE and HFSE budget in island arcs is normally derived from the mantle wedge, and not from the slab (Pearce, 1983; Pearce & Peate, 1995) . Nevertheless, if the slab component takes the form of a partial melt or bulk sediment is mixed into the mantle wedge, the REE and HFSE are mobilized from the slab, rendering ratios of these elements unrepresentative of the mantle wedge composition (Pearce & Peate, 1995; Johnson & Plank, 1999; Woodhead et al., 2001) . Hence it must be verified that the HFSE have not been introduced by slab-derived fluids or melts to the mantle wedge before characterizing the mantle wedge component in the Tobago rocks. The Zr/Yb vs Nb/Yb diagram (Pearce & Peate, 1995) can be used to define a mantle array (Fig. 8b) . Samples lying above the upper boundary of the array may contain Zr derived from the slab, accumulated zircon, or have experienced crustal contamination (Pearce & Peate, 1995) . The sample subset from the Tobago Volcanic Group falls almost entirely within the mantle array with the exception of a single sample from the Goldsborough Formation; hence we conclude that only slab-derived fluids, and not melts, contributed to the magmas. Furthermore, the Nd^Hf isotopic data are intermediate between the decoupled, high eHf i values of the Parlatuvier Formation of the North Coast Schist (Neill et al., 2012) and the Indian^Pacific mantle divide (Fig. 7) . These depleted isotopic compositions are inconsistent with the introduction of isotopically enriched sediments or oceanic crust to the mantle wedge (through partial melting or bulk addition) (Carpentier et al., 2009) , and are also inconsistent with the involvement of old continental crust (or continent-derived sediments) at any point during the petrogenesis of the Tobago Volcanic Group. The mantle wedge in many island arc systems is assumed to be similar to depleted MORB-source mantle (Thirlwall et al., 1994) . However, a number of studies, including those of other Caribbean arc rocks, have shown that more enriched, perhaps even plume-related, mantle sources can be involved in island arc basalt petrogenesis (Wendt et al., 1997; Hastie et al., 2010a; Neill et al., 2011) . The Nb/Y vs Zr/ Y diagram (Fitton et al., 1997) separates MORB-source mantle from more enriched sources; arc magmas derived from depleted MORB-source mantle plot beneath the lower band of the 'Iceland array' (Fig. 8c) , compared with those derived from more enriched sources, which plot within the Iceland array, such as the younger Aves Ridge arc, and back-arc basin rocks from Jamaica, which are derived from mantle sources below the Caribbean Oceanic Plateau (Hastie et al., 2010a; Neill et al., 2011) . The Tobago Volcanic Group samples fall entirely within the N-MORB field. Similarly, Zr/Nb ratios from the Tobago Volcanic Group range from 30 to 110, within the range of island arc samples derived from depleted MORB-source mantle (Wendt et al., 1997) . We conclude that the Tobago Volcanic Group is derived entirely from depleted MORB-source mantle.
Assuming that the HFSE concentrations in the Tobago Volcanic Group samples are predominantly controlled by the mantle source chemistry and partial melting conditions within the mantle wedge, we plot a further subset of samples on a bivariate Nb^Yb plot so as to judge the likely degree of partial melting of the source (Fig. 8d) . The Nb vs Yb plot is contoured for various model melts of both depleted and enriched sources, using the partition coefficients of Pearce & Parkinson (1993) . It is customary to back-calculate evolved (59 wt % MgO) samples to their Nb and Yb concentrations at 9 wt % MgO to negate the effect of pyroxene and plagioclase fractionation (Pearce & Parkinson, 1993) . We have not attempted this correction as MgO concentrations may have been affected by sub-solidus alteration. Instead, we choose five samples from the Bacolet Formation that are neither cumulates, nor have fractionated significant volumes of amphibole, and already have relatively high MgO concentrations (7^9 wt %). These samples lie along a line modelled by $25% partial melting of a spinel peridotite mantle source approximating in composition to fertile MORB-source mantleç a scenario consistent with other oceanic arcs such as the Marianas, Tonga, or Vanuatu systems (Pearce & Parkinson, 1993) .
Slab component
The slab-derived fluid component originates from the dewatering of the basaltic oceanic crust and its sedimentary veneer in the subduction channel. Resulting supercritical fluids are considered to be enriched in the LILE, LREE and MREE, and depleted in the HFSE and HREE (Saunders et al., 1980; Pearce & Peate, 1995; Tatsumi & Kogiso, 1997; Elliot, 2003) . The HFSE may be retained in minerals such as rutile and zircon in the down-going slab (Tatsumi et al., 1986; Keppler, 1996) . Of the LILE, only Th is largely immobile during sub-solidus alteration and lowgrade metamorphism, so identification of the slab component using Pb, Sr and Ba concentrations has not been attempted. Instead, the Th/Yb vs Ta/Yb diagram is first used to investigate the role of the slab in the petrogenesis of the Tobago Volcanic Group (Fig. 8e) . Most samples from the Tobago Volcanic Group lie within the tholeiitic and calc-alkaline arc fields above the MORB array in Fig. 8e , consistent with the presence of a slab-derived component in the petrogenesis of these rocks. A more specific determination of the role of dewatering within the subducted slab comes from analysis of Th/La and Ce/Ce* ratios, the latter being the size of the Ce anomaly relative to other LREE on a normalized REE plot. Ce/Ce* is here expressed as the chondrite-normalized ratio of observed to expected Ce concentrations, where Ce/Ce* ¼ Ce/(La 1/2 Pr 1/2 ) (e.g. Class & Le Roex, 2008). Like Th, the LREE are normally considered to be immobile during sub-solidus alteration and low-grade metamorphism; however, Ce concentrations can vary because oxidation triggers the formation of Ce 4þ ions over Ce 3þ , and because Ce 3þ ions can be mobilized by acidic solutions much more readily than Ce 4þ (Patino et al., 2003) . The study of Patino et al. (2003) showed that fresh cores of weathered mafic and intermediate rocks typically had enriched REE relative to Ce (and thus a negative Ce anomaly), whereas the rinds showed the opposite characteristics. A lack of correlation between Ce anomalies and LOI data, coupled with the fact that there is no evidence for any large positive Ce anomalies to complement the ubiquitous negative Ce anomalies, indicates that Ce mobility during alteration is probably not a significant process for this study.
It should be possible to distinguish input to the source of the Tobago Volcanic Group magmas from fluids derived from subducted terrigenous material (i.e. in a setting close to eroding continental landmasses), slow-sedimentation clay (open ocean settings), and volcanogenic sediments (where recycling of material shed off the arc has taken place). High Th/La ratios (40·2) without an associated Ce anomaly in island arc rocks correspond almost exclusively to fluid release from a terrigenous (continental) sedimentary component within the local subducting sediment (Plank & Langmuir, 1998; Plank, 2005) . In contrast, negative Ce anomalies (Ce/Ce*51) on normalized REE plots for arc magmas correspond to fluids derived from subducted slow-sedimentation clays, particularly fish debris and hydrothermal sediments (Hole et al., 1984; Plank & Langmuir, 1998; Elliot, 2003) . Positive Ce anomalies (Ce/Ce*41) can be generated by hydrogenous Fe^Mn oxides (Elderfield & Greaves, 1982) . Many slowsedimentation clays have low Th/La ratios (50·2) as a result of their particularly high REE concentrations (Plank & Langmuir, 1998) . Compilations of data from volcanogenic detritus from the western Pacific indicate moderate Th/La ratios ($0·1^0·2) without an associated Ce anomaly (Hastie et al., 2013) . Hence these different Th/La and Ce/Ce* characteristics can be plotted diagrammatically on a Th/La vs Ce/Ce* plot [modified after Hastie et al. (2009) ] to determine the relative influence of different sediment types. As we do not have direct evidence of the composition of subducting sediment types, we cannot determine quantitatively the proportion of each involved in the petrogenesis of the Tobago Volcanic Group magmas.
In Fig. 8f , the rocks of the Tobago Volcanic Group are tightly grouped and are coincident with the Th/La ratios of volcanic detritus. Therefore there is no evidence for a contribution from continent-derived material, unlike the southern Lesser Antilles Arc [field from Neill et al. (2010) ], which has input from old South American continentderived sediments. The Tobago Volcanic Group is displaced to lower Ce/Ce* than the volcanic detritus, perhaps indicating a small contribution from low Ce/Ce* slow-sedimentation clays, similar to the sediment-starved Marianas arc. However, overall these results are consistent with the LILE and LREE chemistry being dominantly controlled by recycling of local volcanogenic sediments.
Petrogenesis of the Arnos Vale^Mason Hall tonalite
Adakites and TTG suites are often considered a product of amphibolite or eclogite melting within a subducting slab or the lower crust (e.g. Drummond & Defant, 1990; Rapp & Watson, 1995; Rapp et al., 2003; Martin et al., 2005; Moyen, 2009 ). High-pressure fractional crystallization of garnet and amphibole, to generate an adakite-like tonalite melt with a low HREE content, from an island arc basalt starting composition (e.g. Macpherson et al., 2006) , is ruled out because of the different isotopic signatures of the Volcano-Plutonic Suite, mafic dykes, and the tonalite, and the fact that there are no rocks compositionally intermediate between the tonalite and the rest of the VolcanoPlutonic Suite. The felsic, adakite-like chemistry of the tonalite may instead indicate a crustal protolithçeither the oceanic crust in the form of the down-going slab or the lower arc crust. The SiO 2 content of the tonalite (62^71wt %) is too low to indicate melting of a felsic protolith, so it is most likely that the tonalite was formed by the partial melting of basic material. Very high Na 2 O/K 2 O ratios of 6^10, moderate to high Sr concentrations of 300^800 ppm and Al 2 O 3 of 16^20 wt %, coupled with positive Eu anomalies on a chondrite-normalized REE plot (Fig. 5g) , suggest that plagioclase was not a residual phase during partial melting. TiO 2 in the tonalite drops as a function of magmatic differentiation (Fig. 9a) , but low initial values (50·4 wt % at 62 wt % SiO 2 ) may indicate that either rutile or amphibole was present during partial melting to buffer TiO 2 concentrations. High normalized Ce/Y and La/Yb and low Yb and Y contents, and particularly high Gd/Yb NMN (1·4^3·6), suggest residual garnet (Martin, 1999; Martin et al., 2005) . However, there is no evidence that the samples follow a garnet trend on the Dy/Dy* vs Dy/Yb plot (Fig. 9b) . Instead, samples lie to the bottom left of Fig. 9b , have positive Zr^Hf and negative Ti anomalies on the multi-element plot (Fig. 5h) , and have slightly concave REE patterns (Fig. 5g) ; all of which can be ascribed to residual or fractionating amphibole.
Two factors indicate that slab melting is unlikely to be responsible for the generation of the Arnos Vale^Mason Hall tonalite. First, a 'pristine' slab-derived melt should assimilate peridotite within the wedge (e.g. Yogodzinski et al., 1995; Kepezhinskas et al., 1996) , producing a hybrid melt (high-Mg andesite^low-silica adakite) with 42·0 wt % MgO, 440 ppm Ni and 450 ppm Cr (Rapp et al., 1999; Prouteau et al., 2001; Xu et al., 2002) . This scenario might be expected for Tobago, given the abundant penecontemporaneous 'normal' arc magmatism. Although fractional crystallization of mafic minerals may have reduced MgO, Ni and Cr in the tonalite, the concentrations within the 10 analysed samples (as low as 62·5 wt % SiO 2 ) are always 51·7 wt %, 535 ppm and 539 ppm, respectively. Some researchers have attributed a lack of interaction between slab-derived melts and mantle peridotite to situations in which only a thin mantle wedge is present, perhaps caused by a shallow subduction angle and/or subduction of thicker than normal oceanic lithosphere (e.g. Martin et al., 2005; Hastie et al., 2010b) . Neither of these circumstances are sensible options for Tobago given the presence of penecontemporaneous 'normal' arc magmatism. Second, we can find no evidence in the geochemistry of the Tobago Volcanic Group or the mafic dyke swarm (including many of the dykes that cut the tonalite) for slab melt metasomatism, in the form of elevated SiO 2 and HFSE concentrations (e.g. Sajona et al., 1996; Mu« nker et al., 2004) .
It is therefore most likely that the tonalite is derived from partial melting of the mafic arc crust (e.g. Rapp & Watson, 1995; Barnes et al., 1996; Johannes & Holtz, 1996; Garrido et al., 2006; Guo et al., 2007) . We envisage that the renewal of arc magmatism, some 20 Myr after the formation of the North Coast Schist, not only generated the Volcano-Plutonic Suite and dykes, but also provided the necessary heat and fluids to trigger re-melting of pre-existing mafic (lower?) crust. This model is consistent with the evidence for a shared high eHf i /eNd i signature between the tonalite and the Parlatuvier Formation of the North Coast Schist, which may represent that of the arc basement (Snoke et al., 2001a; Neill et al., 2012) (Fig. 7) . It is thought that garnet granulites in the base of exposed arc terranes may represent residues of partial melting of hornblende gabbros (Garrido et al., 2006) , thus providing a sink for the HREE. This, combined with the absence of residual plagioclase owing to high water contents (e.g. Richards et al., 2012) , generates adakite-like high Sr/Y and low HREE compositions in the resulting partial melts, as demonstrated by both experimental and natural samples (Rapp & Watson, 1995; Garrido et al., 2006) . The actual conditions under which melting takes place depend strongly upon the interpretation that garnet and plagioclase may not have been residual phases during partial melting. The phase diagram developed by Wyllie & Wolf (1993) suggests that a silicate melt from such a basalt protolith may coexist with residual amphibole and pyroxene (in the absence of garnet and plagioclase), at depths of 545 km and temperatures in the range 800^10008Cç depths consistent with typical arc crustal thicknesses and temperatures certainly attainable in the presence of fresh arc magmas.
Petrogenetic characteristics of the mafic dyke swarm and the origin of Nb-enriched magma compositions Kerr et al. (2003) included the mafic dyke swarm as part of the Caribbean Oceanic Plateau (COP), on the basis of the $92 Ma 40 Ar^3 9 Ar date (Sharp & Snoke, 1988) and flat REE patterns in the study of Frost & Snoke (1989) . However, unambiguous subduction-related geochemistry demonstrates that the dyke swarm is probably not directly related to the COP. The major and trace element and Nd^Hf isotopic analyses reveal that the mafic dyke swarm is variable in composition, and the 40 Ar/ 39 Ar results of Sharp & Snoke (1988) suggest that the dykes span an age range of over 10 Myr. Because of the potential age range it is difficult to assess the effect of fractional crystallization on these rocks as genetically related suites of dykes cannot be easily recognized. The Dy/Dy* vs Dy/Yb plot shows that several groups of samples fall along trends parallel to the amphibole fractionation vector, but without having evidence that these are cogenetic suites of samples, the occurrence or otherwise of cryptic amphibole fractionation cannot be fully comprehended (Fig. 10a) . To assess the mantle source of the mafic dykes, we have selected a subset of samples that fall within the MORB array of Neal & Davidson (2012) , with the exception of the dyke dated at $103 Ma, which lies just outside the array. The Nbenriched and high-Nb dykes plot towards the bottom right-hand side of the MORB field in Fig. 10a , which may indicate that these dykes had a very small proportion of residual garnet, or an enriched component, in their mantle source compared with depleted spinel peridotite sources for the other dykes.
Mantle sources
With the exception of the low Zr/Nb, Nb-enriched and high-Nb samples, many of the dykes consist of mafic tholeiites and calc-alkaline rocks with flat to slightly LREE-enriched normalized REE patterns (Fig. 6) . The dykes all have negative Nb^Ta, Zr^Hf and Ti anomalies with variable enrichment in Th and LREE, typical of island arc settings, and similar to the Tobago Volcanic Group. Undated dykes have eNd i of þ6·55^8·75 (Frost & Snoke, 1989) , also very similar to the Tobago Volcanic Group, whereas the dyke dated at $92 Ma has a higher eNd i of þ9·4 (Frost & Snoke, 1989 ; this study), perhaps indicating a distinct mantle source. All of the subset of dykes selected lie within the conservative fields in Fig. 10b . In the main, the HFSE and HREE contents of the swarm can be used to study the petrogenesis of these rocks. Most of the samples plot close to or slightly below the lower boundary of the Iceland array in Fig. 10c , similar to the Tobago Volcanic Group and N-MORB. However, several members (along with the high-Nb or Nb-enriched dykes) plot within the Iceland array at higher Nb/Y ratios, again indicating a more enriched mantle source than for the other dykes. The $92 Ma dyke falls well within the MORB field, which appears to preclude a relationship of this sample with the Caribbean Oceanic Plateau.
Slab component in the mafic dykes
In Fig. 10d there is a broad overlap between many of the dykes and the Tobago Volcanic Group. However, some of the dykes plot between tholeiitic arc compositions and the MORB^OIB array, suggesting that they contain a lower amount of a slab-related component than the other dykes similar to some back-arc basin lavas (e.g. Pearce & Stern, 2006; Hastie et al., 2010a) . The high-Nb and Nb-enriched dykes plot close to or within the MORB array. The dated dykes vary between the tholeiitic to the calc-alkaline character of the $103 Ma dyke and the tholeiitic, low Th/Yb character of the $92 Ma dyke. In Fig. 10e most of the mafic dyke swarm falls in a field that overlaps with the Tobago Volcanic Group, and lies within range of and to lower Th/La and Ce/Ce* values than the volcanogenic sediment field, indicating that some members of the dyke swarm have been influenced to a greater extent by fluids derived from subducted slow-sedimentation clays than the volcanic rocks. Two of the Nb-enriched dykes fall within the field of the volcanic rocks, indicating that whatever their origin, their source may have been influenced by similar slab-derived fluids at some point in its history. The $92 Ma dyke is similar to several others in having a distinct low Th/La (50·07) and Ce/Ce* ($1) signature. This signature is most similar to N-MORB (Plank, 2005) , in that there is no detectable input from any form of sediment. These samples (with the exception of the Nbenriched basalt) do, however, exhibit the typical trace element patterns associated with subduction zone magmatism (Fig. 6) . Thus, we can only conclude that they are derived from sub-arc mantle (1) that has seen only the addition of fluids derived from dewatering basaltic oceanic crust, or (2) where a combination of low Th/La subducted sedimentary components with different Ce/Ce* ratios has resulted in the production of arc magmas with an overall Ce/Ce* ratio of approximately unity.
Origin of the low Zr/Nb, Nb-enriched and high-Nb basalt dykes
One popular model for the origin of Nb enrichment in subduction-related settings invokes the metasomatism of the mantle wedge by slab-derived melts. Adakitic melts react with mantle peridotite to precipitate amphibole (AE garnet, phlogopite, clinopyroxene, orthopyroxene, zircon and apatite) (Defant et al., 1992; Sajona et al., 1996; Hastie et al., 2011) . These amphibole-rich pockets of mantle are an effective 'store' of HFSE, which are released upon further partial melting to generate basaltic magmas with higher Nb and Ti concentrations than normal island arc magmas. Alternatively, high-Nb basalts may simply be small melt fractions derived from localized trace elementenriched mantle sources, as argued by . In either circumstance, high-Nb basalts can mix with nearby ascending tholeiitic or calc-alkaline arc magmas to generate hybrid Nb-enriched arc basalts . Gazel et al. (2011) argued that recent alkali basalts, with OIBlike isotopic and trace element characteristics, in southern Central America are the product of partial melting of upwelling Galapagos plume material through a slab-free region of asthenosphere caused by detachment of the subducting Pacific slab. However, distinguishing different models is difficult even in modern-day settings (see discussion by Castillo, 2009; Maury et al., 2009) . The Nb-enriched and high-Nb samples from Tobago have Th/Nb NMN 41, and all plot close to or within the MORB^OIB array in Fig. 10d . In this diagram, samples with low Zr/Nb ratios have both lower Th/Yb and higher Ta/Yb ratios compared with the 'normal' mafic dykes, suggesting that some dykes have both a lower sediment-related slab fluid component than the volcanic rocks and a more enriched mantle source. Nevertheless, Th/La and Ce/Ce* ratios are similar to those of the other dykes (Fig. 10e) , indicating that a subducted sediment-related component may have played some part in the petrogenesis of these Nb-enriched magmas. The single analysed high-Nb dyke has less radiogenic Hf than the Tobago Volcanic Group, perhaps supporting an origin related to melting of a different mantle wedge source, to which a similar sediment-related component has been added, compared with the volcanic rocks (Fig. 7) . The key assumption is that the low Zr/Nb, Nb-enriched and high-Nb dykes erupted coevally with the rest of the Volcano-Plutonic Suite, which requires further geochronological testing. Should these dykes be of a similar age to much of the Volcano-Plutonic Suite, it is very unlikely that they are derived from partial melting of a slab melt-metasomatized mantle source, because, as noted above, there is no evidence for slab melting in the geochemistry of the Volcano-Plutonic Suite. Should they be much younger than the Volcano-Plutonic Suite, slab detachment (Gazel et al., 2011) or melting of a particularly enriched pocket of asthenospheric mantle are viable models for the formation of these unusual dykes.
C A R I B B E A N P L AT E T E C T O N I C S
In the introduction, a range of potential models for Caribbean tectonic evolution were outlined. In terms of Tobago, one interpretation is that the North Coast Schist protoliths were erupted above an east-dipping proto-Greater Antilles subduction zone, and the Volcano-Plutonic Suite was later emplaced above a new SW-dipping Greater Antilles subduction zone (Snoke et al., 2001a; Maresch et al., 2009; ). Another interpretation is that Farallon Plate subduction beneath the inter-American region continued until collision between the Caribbean Oceanic Plateau and the proto-Greater Antilles Arc . The purpose of this discussion is to briefly show how the geological history of Tobago may fit into either model.
Turonian^Campanian subduction polarity reversal model
In this model, all the magmatic rocks discussed here, including the North Coast Schist, are argued to have formed above an east-dipping Greater Antilles subduction zone (Fig. 11a ) (e.g. Kerr et al., 2003) . This model assumes that the deformation of the North Coast Schist between $129 and $110 Ma did not take place during a subduction polarity reversal event. The $19 Myr period of magmatic quiescence may represent a period of slow or highly oblique subduction, or perhaps simply a shift in the locus of arc magmatism triggered by trench migration and/or a change in the angle of the subducted slab. Magmatism dated to between $129 and $110 Ma is nevertheless a reasonably common feature of other Greater Antilles and Netherlands^Venezuelan Antilles localities such as the Dominican Republic, the Virgin Islands, Jamaica, and Bonaire (Escuder Viruete et al., 2006 Jolly & Lidiak, 2006; Hastie et al., 2009; Wright & Wyld, 2011) . The mechanism for the metamorphism of the North Coast Schist is uncertain in this scenario, but could be related to the development of a retro-wedge (ten Brink et al., 2009) during compression of the arc.
The main phase of magmatism associated with the Caribbean Oceanic Plateau is commonly accepted to have been between $94 and 88 Ma , with collision between the plateau and the inter-American arc system occurring, perhaps diachronously, between $90 and $75 Ma (White et al., 1999; Hastie et al., 2010a Hastie et al., , 2013 . If the single Turonian 40 Ar^3 9 Ar age from the mafic dyke swarm represents the last magmatism on Tobago then magmatic activity must have largely died out around the time the plateau was forming. Magmatism on Tobago did not resume above any new SW-dipping subduction zone from the Late Cretaceous onwards, nor did the Volcano-Plutonic Suite undergo any significant deformation that might be associated with polarity reversal.
Early Cretaceous subduction initiation model
In this model it is proposed that east-dipping subduction of Farallon lithosphere beneath the inter-American (protoGreater Antilles) portion of the Andean^Cordilleran Arc system ceased during the Early Cretaceous ($1351 25 Ma), making way for a new SW-dipping subduction zone along a pre-existing transform fault system in the back-arc region of the proto-Greater Antilles Arc Pindell et al. 2011 ). Workers such as Unger et al. (2005) and Maresch et al. (2009) have linked this model to the occurrence of high-pressure metamorphic terranes on Margarita Island, and the Villa de Cura nappes, Venezuela. During the Late Jurassic to Early Cretaceous, back-arc extension in the inter-American arc system at the NW corner of South America generated the Colombian Marginal Seaway, linked to the protoCaribbean seaway further north Villago¤ mez et al., 2011) . Maresch et al. (2009) proposed that the Margarita Island protoliths included mafic oceanic crust and continental sediments, representing in turn, Colombian Marginal Seaway crust (La Rinconada group) and the continental margin of South America (Juan Griego metasediments). These were subducted to the west beneath the proto-Greater Antilles arc during closure of the Colombian Marginal Seaway, concurrent with the onset of proto-Caribbean subduction further north. Slices of subducted crust were exhumed and carried around the northern coast of South America with the Caribbean Plate . Figure 11b represents an attempt to fit the history of Tobago into this model. Eruption of the North Coast Schist protoliths took place at $129 Ma, probably above an east-dipping Farallon subduction zone (Snoke et al., 2001a; Neill et al., 2012) . Right-oblique west-dipping subduction of Colombian Marginal or proto-Caribbean seaway crust began shortly after protolith formation . The North Coast Schist was part of the upper plate of the new subduction zone, and was partially subducted, and later exhumed during northwards escape from the continental margin of South America. The lower plate may be represented by the metamorphic terranes of Margarita Island. By $110 Ma, the North Coast Schist lay above a SW-dipping proto-Caribbean subduction zone, and building of the Volcano-Plutonic Suite commenced. However, the geochemical data indicate that only local recycled sediments and pelagic material were involved in the petrogenesis of the Volcano-Plutonic Suite, and not continent-derived sediments as have been found in the Juan Griego assemblage on Margarita Island .
Cenozoic tectonic evolution of the southeastern Caribbean and implications for the Lesser Antilles
In both of the above models, at the start of the Cenozoic, Tobago would have lain towards the southern end of the leading edge of the Caribbean Plate as the plate advanced eastwards relative to South America to a position level with present-day northern Colombia . During the Eocene, the roll-back of the protoCaribbean slab accelerated, probably as the Caribbean Plate continued to collide with the margins of North and High-P terranes Guatemala Fig. 11 . Sketches of the tectonic setting in which the magmatic activity on Tobago may have taken place. (a) Coniacian or younger Caribbean Oceanic Plateau collision with a long-lived west-facing proto-Greater Antilles arc system (e.g. Kerr et al., 2003) . (b) SW-dipping subduction initiation during the early Cretaceous following eruption of the North Coast Schist protoliths, and preceding development of the VolcanoPlutonic Suite (e.g. Pindell et al., 2011). South America ). This roll-back triggered the opening of the Grenada and Tobago Basins, and inception of the Lesser Antilles Arc (Fig. 1) (Aitken et al., 2011) . As the Grenada Basin during the Eocene was a fore-arc basin to the east of the Aves Ridge, some fragments of the extinct Greater Antilles system could have been broken off during its opening, leaving the presentday Aves Ridge as the remnant arc. Tobago detached from the extinct arc, collided with South America during the late Eocene, and has since moved east along the plate boundary with the rest of the Caribbean Plate (Burmester et al., 1996) . This part of Caribbean tectonic evolution is vital for understanding the growth of the Lesser Antilles arc. Recently, suggestions have been made that the modern Lesser Antilles arc may be underlain by thickened crust of the easternmost Caribbean Oceanic Plateau (see discussions by Sevilla et al., 2010; Kopp et al., 2011; Evain et al., 2011) . It should be noted that the Lesser Antilles arc and the Caribbean Oceanic Plateau are clearly separated from one another by the Grenada Basin and the extinct Aves Ridge portion of the Greater Antilles arc. To date, no fragments of the Caribbean Oceanic Plateau have been found to be in primary igneous contact with any crust to the east of the extinct Greater Antilles arc. Therefore, the basement of the Lesser Antilles arc is most likely to be composed of fragments of the Jurassic^Palaeocene arc crust that detached during opening of the Grenada Basin (e.g. Bouysse, 1988) . Another piece of evidence for the nature of the Lesser Antilles arc basement is the $153^143 Ma subduction-related assemblage of La De¤ sirade. La De¤ sirade lies offshore from Guadeloupe in the central portion of the present arc (Fig. 1) , and initially formed in a back-arc basin within the inter-American^proto-Greater Antilles arc system (Neill et al., 2010; Corsini et al., 2011) . The Lesser Antilles arc has become a key site for investigation of arc geochemistry and crustal growth (e.g. Brown et al., 1977; Hawkesworth et al., 1993; Macdonald et al., 2000) , so it is important to recognize the presence of kilometrescale basement structures composed of Jurassic^Eocene oceanic arc rocks and me¤ lange (perhaps including South American continental detritus) underlying the active arc. Studies of the nature and volumes of slab-derived components in arc magmas might instead consider simpler arc systems that do not have 'inherited' older arc basements.
C O N C L U S I O N S
(1) Tobago represents an eroded cross-section through an oceanic arc terrane, which once represented part of the leading edge of the Caribbean Plate. (2) The Volcano-Plutonic Suite was erupted and emplaced between $110 and $92 Ma, onto a basement of older metamorphosed island arc volcaniclastic rocks, the North Coast Schist. (3) The Tobago Volcanic Group was formed by partial melting of MORB-source mantle, fluxed by fluids derived from the down-going slab, subducted recycled volcaniclastic material, and a small proportion of pelagic sediment. A similar scenario applies to much of a mafic dyke swarm that intrudes all units on the island. (4) The Tobago Plutonic Suite is largely genetically related to the Tobago Volcanic Group, and represents the solidified remains of a magma chamber that intruded the overlying volcanic carapace. One member of the suite, a kilometre-scale tonalite dyke, was formed by partial melting of the arc basement. (5) Rare members of the mafic dyke swarm have anomalously high HFSE contents, and probably relate to partial melting of an enriched mantle source. (6) The two currently debated models of Caribbean tectonic evolution include Tobago as either (a) part of a single west-facing Farallon subduction system, with magmatic activity occurring prior to collision of the Caribbean Oceanic Plateau during the Coniacian or later, or (b) a multi-phase arc system, with the North Coast Schist erupted during east-dipping subduction, metamorphosed and partially subducted during subduction polarity reversal, followed by the growth of the Volcano-Plutonic Suite above a new SW-dipping proto-Caribbean subduction zone. (7) Tobago and La De¤ sirade provide analogues for the basement geology of the Lesser Antilles arc. The arc is built on a pre-existing rifted arc basement initially formed as part of the (proto) Greater Antilles arc system between the Late Jurassic and the early Eocene.
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